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SCOPE AND ORIGINAL SPECIFIC AIMS
The overall objective of this research is to develop methods for utilizing positron emission tomography (PET) to increase the clinical potential of radiolabeled monoclonal antibodies (MAbs). Enhancement of MAb tumor localization by hyperthermia also was proposed. Studies were to have been performed with both 18F and 1241; however, the lack of its availability (until quite recently) prevented experiments with 1241. Instead, two additional lines of inquiry were initiated in which we utilized aspects of the radiofluorinaton chemistries originally developed for MAbs for labeling chemotactic peptides and meta-iodobenzylguanidine (MIBG) analogues with 18F. In order to investigate the possibility of combining the imaging advantages and quantitative capabilities inherent in PET with the cellular specificity of MAbs, we proposed the following original specific aims: 1) To develop and optimize methods for labeling MAbs and their fragments with fluorine-18 and iodine-124. Our goals are to maximize yield, minimize synthesis time (particularly for F-1 S), maintain MAb affinity and immunoreactivity and render the procedure suitable for automation.
2) To examine the tissue distribution of F-18 and 1-124 labeled MAbs and fragments in athymic mouse and rat xenograft models. These experiments will provide an indication of stability of label in vivo and whether specific tumor uptake can be achieved in a time compatible with the nuclide half life.
3) To determine the pharmacokinetics of F-18 and 1-124 labeled MAbs and fragments in normal dogs using positron emission tomography. In addition to demonstrating the safety of these procedures, these studies will validate the ability of PET to quantify normal organ uptake in dogs by comparison to tissue uptake data obtained fiom the same animals at necropsy. 4) To examine the tissue distribution of F-18 and 1-124 labeled MAbs reactive with canine tumors in pet dogs with spontaneous cancers. MAb concentrations in tumors determined by PET are compared to levels determined by tissue sampling. Initial studies will use TP-3 and TP-1 MAbs directed against canine and human osteogenic sarcoma.
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and N-succinimidyl 4-[''F]fluorobenzoate as reagents for labeling MAb fragments with I' F.
The first demonstration that selective and specific tumor localization of "F-labeled MAb fragments can be achieved in a murine xenograft models in a time frame compatible with the half life of "F.
Definition of "F-labeled F(ab'), pharmacokinetics in normal dogs, indicating that levels of labeled MAb fragments adequate for PET imaging could be administered to human patients with acceptable radiation dosimetry.
Demonstration in dogs with spontaneous tumors that primary and metastatic osteosarcomas can be imaged by PET using I8F-labeled TP-3 Fab fragments.
Demonstration that hyperthermia can enhance the delivery of intact MAbs and F(ab'), fragments to human tumor xenografts and identification of shorter half life radionuclides as most appropriate for this technique.
Development of para-['8F]fluorobenzylguanidine, an "F-labeled analog of IvfIBG which localizes in normal tissue targets (heart and adrenals) and in a canine pheochromocytoma.
Development of radiosynthetic method for 4-[18F]fluoro-3-iodobenzylguanidine and documentation that this compound exhibits identical binding to human neuroblastoma cells as MIBG itself.
Identification of the location of lysine residues in the variable regions of MAbs TP-1 and TP-3 and possibly, the first analysis of the implications of this type of data for radiolabeling.
C. PROGRESS SUMMARY
Refinement of '*F Protein Labeling Methodologies and Evaluation in Athymic Mouse Models
N-succinimidyl S-[(4 '-[18Ffluorobenzyl)amino]suberate (SFBS).
A method has been developed for labeling proteins with "F which utilizes SFBS as the protein acylation agent. The procedure involves conversion of aqueous ["F]fluoride ion to tetrabutylammonium ["F] We have investigated the in vitro and in vivo properties of the F(ab'), fragment of Mel-14, a murine IgG,, which reacts with a chondroitin sulfate proteoglycan present in gliomas and melanomas, after labeling using SFBS, This MAb fragment is of interest because of our ongoing clinical radioimmunotherapy trials using I3'I-labeled Me1 -14 F(ab'),. All experiments were performed in paired-labd format to allow direct comparison of the "F-labeled F(ab'), with Mel-14 F(ab'), labeled using N-succinimidyl 3-['251]iodobenzoate (SIB). Specific binding was evaluated in vitro with a single-point glioma homogenate assay and biodistribution was investigated in athymic mice with subcutaneous D-54 MG human glioma xenografts.
Since DSS is a homobihctional cross-linking agent, a key issue was to determine the concentration of DSS which represented the best compromise between maximizing labeling efficiency and minimizing deleterious modifications of the labeled F(ab'X. When 250 pg of DSS was used and HPLC purification of SFBS was not performed, almost complete conversion of 4-['8F]fluorobenzylamine to SFBS was observed; however, the specific binding of the 18F-labeled Mel-14 F(ab'), preparation was low (20 f 8% vs. 62 f 2% for SIB control), and tumor localization was poor (1.9 f 0.3 % ID/g vs 6.2 f 0.6 % for SIB). Decreasing DSS levels to 100-120 pg reduced synthetic yields to 30-35% but resulted in a dramatic improvement in the in vitro and in vivo behavior of the 18F-labeled Mel-14 F(ab'),. Under these conditions, the affinity and specific binding of the 18F-labeled MAb fiagment were essentially identical to those observed for Mel-14 labeled with 1251. Accumulation of 18F and ' ' ' 1 in tumor 1-6 hr after injection also was similar. There was an excellent correlation (r = 0.98) between the tumor uptake of the two radionuclides, with the slope of the line near unity. This supports the possibility of using a PET scan with I8F-labeled MAb fragment to predict tumor dose for a subsequent therapy with 13' 1-labeled MAb. However, even at 100-120 pg DSS, uptake of 18F was significantly higher than 1251 in some normal tissues, particularly liver and spleen.
Relatively early time points were selected for these biodistribution experiments because of the short half life of I8F; however, under these conditions, it is important to demonstrate that tumor uptake reflects MAb specificity rather than nonspecific accumulation due to blood pool activity. The specificity of "F-labeled Mel-14 F(ab'), uptake was determined by calculating the localization index. The localization index is defined as the ratio of specific-to-nonspecific MAb fragment in tissue to the simultaneous specific-to-nonspecific MAb fragment uptake ratio in blood. By normalizing all I8F activities to co-administered '251-labeled Mel-14 F(ab'h, the distribution of "F-labeled Mel-14 F(ab'), could be compared with that of 18F-labeled nonspecific RPC 5 F(ab'X. The localization index in tumor was 3.7 f 1.3 at 4 hr and 6.9 f 1.9 at 6 hr, while in normal tissues, localization indices of about 1 were calculated. These results indicate that the uptake of l8F-1abeled Mel-14 F(ab'), in subcutaneous D-54 MG xenografts is specific.
N-succinimidy14-[18Ffluorobenzoate (SFB).
The usefulness of 18F-labeled MAb PET data for predicting dosimetry depends on the extent to which its tissue distribution mimics that obtained with the therapeutic radionuclide. As noted above, increased accumulation of I8F was observed in the liver and spleen when Mel-14 F(ab'), was labeled using SFBS. In order to determine the suitability of SFB for MAb applications, Mel-14 F(ab'X was labeled by reaction with SFB and its in vitro and in vivo properties compared to F(ab'X labeled with 1251 using SIB. Since SFB has the fluorine in the 4 position, the 4-substituted SIB analogue was used in these experiments. Specific in vitro binding of "F-and lZ5I-labeled Mel-14 F(ab'), to tumor homogenates was not significantly different ("F, 58 f 3%; 1251, 62 f 2%) and the affinity constants for binding to the human glioma D-247 MG line also were similar (I8F, (6.7 f 1.1) x 1 O8 M-'; lZ5I, (8.0 f 0.6) x lo8 M-'}. Initially, the biodistribution of the two radiohalogenated F(ab'), fiagments were compared using paired-label protocols in normal mice. In contrast to the studies described above comparing SFBS and SIB, levels of both radionuclides in normal tissue were quite similar. For example, liver uptake at 2 hr was 5.4 f 0.7% ID/g for 18F compared with 6.0 f 0.8% ID/g for lZ5I; in other tissues, such as the spleen, blood, lungs, heart and muscle, no significant difference between 18F and 1251 accumulation was observed.
Further comparisons of 18F-and 1251-labeled Me 1 -14 F(ab'X were performed in athymic mice with D-54 MG human glioma xenografts. In the first experiment, the mean tumor weight was 0.27 f 0.04 g and in the second, 1.03 f 0.30 g. Tumor accumulation of 18F and 1251 increased with time in both studies. Tumor levels after one half life of I8F were 59-77% of those reached at 6 hr. In the experiment using smaller tumors, tumor uptake of I8F was 18.8 f 3.0% ID/g at 6 hr compared with 22.3 f 3.7% ID/g for Iz5I. As expected, tumor accumulation was lower in the groups with larger tumors; however, 18F and 1251 levels again were quite similar, with differences of only 6-19% observed between the two radionuclides. The selectivity of tumor uptake was evaluated by calculating tumor-to-normal-tissue ratios. Tumor-to-normal-tissue ratios for 18F and ' ' ' I generally were nearly identical. Exceptions were tumor-to-liver and tumor-to-intestine ratios at 2-6 hr, which were significantly higher (P < 0.05, paired t-test), and tumor-to-kidney ratios at 1-4 hr, which were significantly lower (P < 0.05) for "F-labeled Mel-14 F(ab'X. These results suggest that PET imaging of tumors may be possible in patients using MAb fragments labeled with 18F using SFB.
The SFB method offers several advantages for labeling proteins with 18F which have led to our selection of this method for the experiments which have been proposed in this grant application. First, it yields a labeled template that is structurally analogous to iodo-and astatobenzoates which have been developed for the radioiodination and astatination of MAbs. Second, MAb fragments labeled using SFB exhibit better tumor-to-normal tissue ratios as a consequence of lower normal tissue uptake. And third, particularly for small MAb fragments such as sFv MAb and peptides, the lack of the 8-carbon spacer present in SFBS should facilitate labeling with minimal modification in biophysical properties. However, labeling proteins with SFB requires a longer preparation time than desirable for routine use with 18F.
To circumvent this problem, we have developed an improved method for the synthesis of SFB that has reduced total synthesis time by about 45 minutes. A reaction time of 5-8 min (versus 25 min for the original procedure) was sufficient for formation of 4-['8F]flu~r~benzaldehyde in high yield. In the original method, 30-35 min was necessary to convert 4-[ '8F]fluorobenzoic acid to SFB by reaction with dicyclohexylcarbodiimide and N-hydroxysuccinimide. When NN-disuccinimidyl carbonate was used, facile conversion of 4-fluorobenzoic acid to SFB was seen at the micromolar level; however, with '*F, no product was formed at room temperature. Heating at 150°C gave SFB in more than SO% yield in only 1-3 minutes. Largely as a result of the considerable reduction in total labeling time, these modifications have increased the amount of "F-labeled MAb fragment available per 100 mCi of ['8F]fluoride by 30-35%.
Purification of SFB using HPLC required an additional 15-20 min preparation time, decreasing available activity; however, this step is recommended for several reasons. Use of crude SFB, or SFB purified using a silica solid phase cartridge, resulted in low protein coupling yields. With Mel-14 F(ab'X, SFB conjugation efficiencies were 5 1 f 6% using HPLC-purified reagent compared with 27 f 17% for crude SFB. Furthermore, 10-1 5% protein cross-linking was observed for MAb labeled using crude SFB, presumably due to unreacted N,N-disuccinimidyl carbonate. Finally, the immunoreactivity of Mel-14 F(ab'X was decreased by almost a factor of two when HPLC purification of SFB was omitted.
Evaluation of I8F-labeled MAb Fragments in Dogs
Evaluation of F-I8 Labeled Antimyosin MAb Fragments in a Canine Myocardial Infarct Model. In myocardial infarction, intracellular myosin is leaked into the extracellular space and is accessible to serum-bourne agents. Antimyosin MAb fragments labeled with a positron-emitting nuclide might permit the simultaneous exploitation of antimyosin uptake specificity in damaged myocardium and of imaging advantages and quantitative capabilities inherent in PET. Using the [F-lS]SFBS method described above, the F(ab')2 and Fab fiagments of antimyosin were labeled with F-18 and studied in an acute canine myocardial infarct model. Two dogs were studied with the F(ab'), fragment and 4 dogs were studied with the faster clearing Fab fragment. Our objectives were a) to demonstrate that a MAb labeled with F-1 8 could localize selectively in antigen-rich tissue and b) to begin to evaluate whether F-18 antimyosin might be of value for the evaluation of myocardial infarction using PET.
Dogs were anesthetized and the left circumflex coronary artery was occluded for 2-3 hr. The occlusion was then released to permit repefision and 1-5 mCi of the F-1 S labeled MAb fragment was injected 15-60 rnin later. Serial PET images were then obtained for 2 to 5 hr. Tissue distribution studies were performed on Dogs 1-5 in order to determine whether preferential uptake of F-1 8 labeled MAb fragments in damaged myocardium could be achieved in a time fiame compatible with the short half life of F-18. Normal, border and ischemic regions were determined using triphenyltetrazulium chloride and multiple samples obtained for F-1 8 counting. .
The highest level of F-18 accumulation in infarcted tissue was achieved in animals (Dogs 3 and 5) injected with Fab labeled using HPLC-purified p-1 81SFBS. 1nfarct:normal myocardium tissue uptake ratios for these animals were as high as 1 1.9: 1; however, infarct:blood ratios at 2-3.5 hr were only 1 .O to 1.6: 1. Maximum target to non-target ratios were seen with antimyosin F(ab'),. Using this fragment, infarct:normal myocardium ratios as high as 20.6: 1 and infarct:blood ratios as high as 3.2: 1 were achieved. In samples fiom normal myocardium, uptake in endocardium, mid-myocardium and epicardium were quite similar. In general, uptake in samples fiom the border and ischemic regions was highest in the endocardium and lowest in the epicardium. These results demonstrate that preferential uptake of F-18 labeled antimyosin MAb fkagments in infarcted myocardium can be achieved as early as 2 hr after injection.
In the PET scans performed on Dogs 2-5, there was a suggestion of increased accumulation of F-18 activity in regions of the myocardium expected to be at risk in this model. Delineation of areas of infarcted tissue was complicated by the presence of high levels of F-18 activity in the blood pool. In the last dog studied, [N-l3]ammonia perfusion images were acquired prior to injection of F-18 labeled antimyosin Fab in order to better define regions with compromised perfusion. Using the [N-l3]ammonia perfusion and reperfusion images, regions of interest were set; regions 9, 10, 1 1 had relatively high uptake and were considered to represent normal myocardium and regions 3,4, and 5 had the lowest activity levels and were considered to contain infarcted tissue. In Figure 6 , the uptake of F-18-labeled Fab in these regions of interest is plotted as a function of time. 1nfarct:normal myocardium uptake ratios calculated fiom these images increased fiom 1.5: 1 at 1 hr to 4.0: 1 at 4 hr. These preliminary results suggest that F-18 labeled antimyosin MAb fragments may be useful for imaging damaged myocardium; however, some form of blood pool subtraction probably will be required.
Distribution of I8F-labeled Mel-14 F(ab y2 in normal dogs. Labeled MAb tissue distribution in mice often is not predictive of that seen in humans, particularly with regard to rates of normal tissue clearance. For this reason, we next investigated the pharmacokinetics of '*F-labeled Mel-14 F(ab'), in normal dogs. A relatively large breed, the foxhound, was studied because their weight (30-35 kg) and size more closely approximate those of humans, and facilitate PET imaging. One group of 4 animals received "F-labeled Me1 -14 F(ab'), prepared using SFBS (1.0-4.0 mCi, lmg) and the other group, Mel-14 F(ab'X labeled using SFB (1.5-3.2 mCi, lmg). PET images of 20 min duration were acquired at two bed positions during the course of the study. Serial blood samples were obtained for 4 hr after injection, at which time the animals were euthanized and tissue samples obtained for counting of ''F activity.
Statistical moment methods were used to perform nonparametric pharmacokinetic analyses for l8F blood pool activity. Area under the curve (AUC), mean residence time (MRT), total body clearance (CI& apparent volume of distribution at steady state (VdJ, and elimination half life (TJ were calculated. For the data collected during the 4-hr experimental period, no significant differences were observed between the SFBS and SFB groups with regard to AUC, MRT, V&, C1, and T,, However, when the serum clearance curve was extrapolated to zero using the terminal elimination half life, serum AUC, MRT and T, were significantly higher with SFBS, suggesting slower clearance of activity when this labeling method was used. Urine could be collected from male animals and a larger % ID was recovered from dogs receiving F(ab'X labeled using SFB (0.3 and 3.0% vs. 6.2 and 1 1%). Based on the tissue uptake levels determined by PET imaging and at necropsy, radiation absorbed dose calculations were performed for a hypothetical 10 mCi dose of "F-labeled Me 1 -14 F(ab'X. The critical organ with SFBS was the spleen (4.15 rad) while with SFB, the critical organ was the kidney (4.56 rad). These results suggest that it would be feasible to administer a 10 mCi dose of "F-labeled Mel-14 F(ab'12 to humans.
The tissue distribution of "F-labeled Mel-14 F(ab'), measured in the dog was compared with that determined previously in athymic mice. No significant differences were observed between the two species in kidneys and liver with the SFBS method. In contrast, lung and spleen levels were significantly higher in dogs than mice. A contributory factor appears to be the nearly 4-fold higher levels of "F found in the blood of dogs compared with mice. Similar differences between species were seen with SFB.
The feasibility of tumor imaging with "F-labeled F(ab'), can be predicted by comparing the canine normal tissue uptake data with the tumor uptake observed in patients with 13'I-labeled Me 1 -14 F(ab'), (1-5 x lo"% ID/g). Since these dogs weighed about 35 kg, a rough estimate of normal tissue uptake in 70 kg humans was made by dividing the % ID/g measured in the dog by 2. For kidneys, liver, spleen, and lungs, tumor-to-normal tissue ratios less than 1 were estimated, suggesting that imaging tumors in these organs with "F-labeled F(ab:>, would not be feasible during the first 4 hr after injection. In patients, brain tumors could be imaged with I3'I-labeled Mel-14 F(ab'12 at 6 hr. Thus, with its low normal brain uptake, '*F-labeled Mel-14 F(ab')2 might be useful for PET imaging of gliomas. It is difficult to predict whether tumor imaging at other anatomical locations would be possible; however, the tomographic nature of PET should allow tumor detection in the presence of higher normal tissue background levels than possible with conventional imaging techniques. Moreover, as discussed in the following section, l8F labeling of smaller MAb fragments such as Fab may be a more feasible approach.
PET imaging of osteosarcoma in dogs using "F-labeled TP-3 Fab. We have evaluated the feasibility of PET tumor imaging with I8F-labeled MAb fiagments in dogs with primary and metastatic osteosarcomas. The Fab fragment of murine TP-3, an IgG2,,, was used. This MAb was selected because it reacts with both human and canine osteosarcomas. Labeling was performed by the SFBS method. Coupling efficiencies were three-to fivefold lower than seen when SFBS was reacted with other MAbs, and when TP-3 Fab was labeled with SIB. While the reason for the reduced SFBS coupling yields with TP-3 Fab is not known, a likely possibility is that the 8-carbon spacer between the active ester and the aryl fluoride in SFBS may interfere with reactivity with the lysines on the MAb.
Four dogs with histologically confirmed osteosarcoma (1 primary, 3 metastatic, with 2 dogs studied twice) were evaluated by serial PET imaging and pharmacokinetic analysis. Blood clearance of I8F activity was biphasic in all animals, albeit with a highly variable elimination half time ranging from 2 to 13 hr. Protein-associated activity in the serum, determined by trichloroacetic acid precipitation, decreased from more than 90% immediately after injection to 60-80% at 4 hr. This degree of catabolism of label is similar to that reported by other investigators for radioiodinated Fab fiagments.
In the one dog with primary disease, PET imaging clearly demonstrated accumulation of 18F activity at the tumor site as early as 15 min after injection. Biopsies obtained from this animal after euthanasia indicated tumor uptake of (1-3) x 1 O"% ID/g. In the dogs with metastatic disease, PET images at early time points largely reflected blood pool activity, while at later times, uptake in suspected metastatic sites was observed. Using a region of interest set over this tumor, an uptake of (2-4) x lo"% ID/g was calculated. The levels of tumor accumulation of I8F-labeled TP-3 Fab measured in these dogs were similar to those reported in most clinical studies using Fab fragments, suggesting the potential value of dogs with spontaneous tumors for the preclinical evaluation of labeled MAbs. This compound was reacted with 2-methyl-2-thiopseudourea at 130°C to yield PFBG or MFBG. As expected, overall radiochemical yields for MFBG (1 0-1 5%) were considerably lower than those for PFBG (5045%) because of the dificulties in performing the fluoro for nitro exchange reaction with the meta isomer. PFBG also was synthesized from 4-nitrophenyl trimethylammonium trifluoromethanesulfonate (QS).
Fluorine-18
To evaluate the effect of fluorine for iodine substitution in MIBG on its specificity, in vitro binding to human neuroblastoma SK-N-SH uptake-1 positive and SK-N-MC negative control cell lines was measured. Nonspecific binding was 2% or less for PFBG, MFBG and MIBG. Net specific binding was 55.4 f 0.5% for MIBG, 34.5 f 3.5% for MFBG, 26.5 f 1.1% for PFBG using QS, and 16.9 f 1.6% for PFBG using the nitro precursor. Thus, MFBG and PFBG exhibit specific binding to human neuroblastoma cells, but at a lower level than seen with MIBG. Although heart uptake in mice of PFBG prepared using QS at 4 hr was lower than that observed with MIBG, we have demonstrated excellent myocardial uptake of PFBG in normal dogs. The distribution of PFBG has also been studied in a dog with pheochromocytoma, a tumor known to accumulate MIBG in humans. Intense uptake of activity was seen in a region corresponding to the known tumor site and tumor-tolung and tumor-to-liver ratios calculated from the 30 min PET scan were 28: 1 and 17:1, respectively.
4-[18F]nuoro-3-iodobenzylguanidine (FZBG).
As noted above, specific binding to neuroblastoma cells in vitro and myocardial uptake in mice of PFBG and MFBG were significantly lower than-observed for MIBG in parallel studies. We hypothesized that this behavior could be related to the lower lipophilicity of MFBG and PFBG due to the absence of iodine in their structures.
This motivated our studies with FIBG, an analogue which should have a similar lipophilicity to MIBG. A four-step radiosynthesis of FIBG has been developed. Briefly, 4-cyano-2-iodo-(N;N,Ntrimethy1)anilinium trifluoromethanesulfonate was radiofluorinated using [18F]KF and Gyptofix@ in DMSO. The 4-['8F]fluoro-3-iodobenzonitrile thus obtained was reduced using NaI3&/I2 to 4-['8F]fluoro-3-iodobenzylamine. This intermediate was converted to FIBG, first by treating it with N,N'-(di-tert-butylcarbony1)thiourea in the presence of mercuric chloride and triethylamine in DMF, and then deprotecting with trifluoroacetic acid. The final product, obtained in 5% decay-corrected yield, was purified by reverse-phase HPLC.
The in vitro binding properties of FIBG were compared in paired-label format to no-carrieradded ['251]MIBG. Binding of FIBG to SK-N-SH neuroblastoma cells remained constant (77-83%) through a 2-3 log dose range and was significantly higher than that observed for MIBG (67-71%, P < 0.05). In order to determine whether accumulation of FIBG occurs via the uptake-1 mechanism, its binding was measured in the presence of the uptake-1 inhibitors desipramine and norepinephrine, as well as carrier FIBG and MIBG. In all cases, binding of FIBG to SK-N-SH cells was reduced to 10% or less of control levels. The energy dependent nature of FIBG uptake was confirmed by the reduction in its cell binding at 4°C and in the presence of ouabain. In a preliminary study, we have observed that the specific binding of ['311]FIBG to SK-N-SH neuroblastoma cells in vitro is higher than that of no-carrier-added [1311]MIBG. Thus, [I8F]FIBG might be of particular value for determining dosimetry prior to a therapy study with f3*I]FIBG.
Labeling of a Chemotactic Peptide with "F
The feasibility of imaging bacterial infection with radiolabeled chemotactic peptides has been demonstrated in recent studies by the Massachusetts General Hospital group. If a chemotactic peptide could be labeled with I8F, then it might be possible to exploit the advantages inherent to PET for imaging infection. To explore this possibility, we have adapted the SFB method for labeling the chemotactic peptide N-formyl-norleucyl-leucyl-phenylalanyl-norleucyl-tyrosyl-lysine (FNleLFNleYK) with 18F.
To provide cold compound for use as an HPLC standard and in the binding studies, FNleLFNleYK was reacted with a fivefold molar excess of SFB for 4-5 hr at room temperature. The resultant FNleLFNleYK-SFB conjugate was purified by HPLC and its composition confirmed by amino acid analysis. For labeling with 18F, SFB was prepared and purified according to our revised method. HPLC solvent was removed from the SFB fractions, the activity was dried in the bottom of a Reacti@ vial, and 1 pL of triethylamine and 5 pL of 50 mM FNleLFNleYK in DMF were added. Addition of a small crystal of LiCl facilitated solubilization of the peptide. After a 5 min reaction at room temperature, purification of the labeled peptide conjugate was accomplished using reversephase HPLC. This system was effective in removing unlabeled peptide fiom the FNleLFNleYK-SFB conjugate. Between 10 and 15 mCi of labeled peptide could be obtained from 100 mCi of [ '8F]fluoride in a total synthesis time of 100 min.
The coupling efficiency of SFB to peptide was 80% compared with about 60% when this reagent was reacted with MAbs. The higher conjugation efficiency with peptide could be related to the fact that the reaction was carried out in a homogeneous DMF solution. With MAbs, an aqueous buffer is used and limited solubility of SFB in aqueous solutions and competitive hydrolysis of SFB are two factors which could contribute to decreased coupling yields under these conditions. In addition, conjugation efficiency increases at higher pH because a higher proportion of lysine eamino groups are available for reaction. But with MAbs, a pH above 8.5 may not be advisable because of concerns about protein denaturation. These results are encouraging since they demonstrate that SFB can be adapted for labeling peptides with 18F.
The effect of SFB conjugation on the potency of FNleLFNleYK was investigated in a competitive binding assay to human polymorphonuclear leukocytes (PMN) using the prototypical ligand [3H]FMLF. The FNleLFNleYK-SFB conjugate had an IC& of 40-50 nM compared with 10-12 nM for FNleLFNleYK, suggesting a reduction in binding affinity due to SFB coupling. However, SFB conjugation did not effect biological activity. The IC,, values for superoxide production of FNleLFNleYK and its FNleLFNleYK-SFB conjugate were both in the range of 2-4 nM, compared with 28 nM for FMLF. The ability of FNleLFNleYK-f8F]SFB to bind to PMN in vitro also was determined. Binding with and without an excess of cold FNleLFNleYK-SFB was 80% and 5%, respectively, indicating a specific binding of 75%. The tissue distribution of FNleLFNleYK-[18F]SFB was evaluated in normal mice. Activity cleared from the blood with a half time of about 20 min and rapid excretion via the kidneys was seen. Retention of activity in the gastrointestinal tract was also noted, possibly reflecting the lipophilicity of FNleLFNleYK-['8F]SFB. This suggests that developing less lipophilic SFB analogues could be an important direction for fbture research.
Location of Lysine Residues in TP-1 and TP-3 Monoclonal Antibodies: Implications for Radiolabeling
We have been working with Dr. Inger Sandlie, Department of Molecular and Cell Biology, University of Oslo, on the use of DNA recombinant technology to provide information about the number, position and accessibility of lysines in MAbs of potential interest for radioimmunotherapy.
These studies have focused on TP-1 and TP-3 , two MAbs reactive with different epitomes expressed on both human and canine osteosarcomas. These MAbs were selected not only because of their potential clinical value but also because a knowledge of their lysine configuration provides unique background information for interpretation of studies, such as those proposed in this application, investigating radiolabeled TP-1 and TP-3.
The V genes of TP-1 and TP-3 MAbs were cloned and sequenced. The V gene sequences were analyzed by a computer program to confirm that they were V gene segments and then were translated into amino acids using the same program. On the basis of the amino acid sequence, the framework regions (FR) and the complementary determining regions (CDRs) which contain the antigen binding site, were identified. Comparisons to known sequences revealed that the TP-1 V, and TP-3 V, chain sequences belonged to the VK VI and VK I11 subgroups, respectively, whereas the TP-1 VH and TP-3 V, chain sequences belonged to the V, subgroups I(A) and II(A), respectively.
Examination of the TP variable regions reveals that TP-1 and TP-3 contain a total of 12 and 14 lysines, respectively. Although the majority of the lysines are within the conserved framework, some, indicated in bold in Table 2 , are present in the CDRs. The positions of the lysines with regard to the folding of the domain and interdomain interactions were analyzed in an attempt to illuminate their accessibility for labeling. Also, a prediction of whether labeling the lysine residues present in CDRs will interfere with antigen binding was made. In the absence of crystallographic data, models were obtained by comparing the TP sequences with solved crystal structures obtained from the Brookhaven and Leeds crystallographic databases. Analyses of the variable region light chain data are summarized below.
Initial inspection of the space filling models suggests that all the lysines in both V, chains would be accessible for labeling; however, Lys4' has been reported buried VL-VH interfaces in some molecules. A comparison of the residues on either side of in both TP-V, chains was therefore made, and identical residues were found in molecules in which the residue at position 45 was not buried. Thus, we assume that Lys4' is exposed, as suggested by the space filling models. In the TP-lV, sequence, L Y S~~ is within the CDR2. According to the canonical structure model, the residue at position 53 is hydrogen-bonded to residue 49 so that the L2 region becomes a three residue hairpin loop (residues 50 to 52). The CDR2 regions of HyHel-5 and TP-1 are identical and LY$~ in HyHel-5 is reported to be mostly exposed, neither in contact with its antigen nor the opposite domain. The space filling model for the TP3VL shows the lysine located in the CDRl at position 27. This L Y ?~ is within L1 and according to the literature, residues at this position are completely exposed.
The size of the labeled molecule conjugated to lysines should influence its effect on antigen binding because a large molecule may obstruct a tight fit between the residues directly involved in binding. Therefore, labeling of LY?~ and Lyg7 may obstruct antigen binding even if the residues are not part of the actual binding site. As an approach for dealing with this potential problem, the possibility of substitution of another amino acid for L Y S~~ could be considered. With this goal in mind, we compared the residues present on either sides of these lysines with other sequences and sequences with a glutamine at position 27 were found. The overall domain structure and also the local canonical structure of L1 will therefore probably be conserved if Ly2' were exchanged with glutamine. Thus, if labeling at this position compromised antigen binding, substitution of a glutamine for the lysine at position 27 could be made.
Tumor localized hyperthermia
One approach for increasing the rate and magnitude of MAb delivery to tumor is local hyperthermia. If effective, hyperthermia could be particularly valuable for use with shorter-lived nuclides. We have been investigating the effects of tumor-localized hyperthermia on the tissue distribution of Mel-14 F(ab'), and RPC 5 control fragment in athymic mice bearing D-54 MG human glioma xenografts on one leg. In our initial study, we demonstrated that heating the tumorbearing leg at 42" C increased tumor uptake and tumor-to-normal tissue ratios of both fiagments by two-to threefold compared to controls maintained at 37" C. In a second study, the effects of tumorlocalized hyperthermia at 37" C, 40" C, 42" C and 44" C were compared in order to determine the temperature optimum for this procedure. Unlike the first set of experiments where anesthesia was used, animals were immobilized during heating using individual plastic restrainers. Groups were heated for 4 hr and then euthanized immediately or 12 hr later. The results indicate that increased uptake of specific MAb is not augmented by hyperthermia until temperatures of 42" C are reached. The 44" C group exhibited the highest tumor uptake at 4 hr; however, 12 hr later, no significant differences were seen among the 37" C, 40" C and 44" C groups. Animals heated to 44" C showed signs of toxicity with several deaths at 12 hr, consistent with reports that temperatures above 43" C are cytotoxic and result in vessel thrombosis. These results were consistent with those that might be expected based on the known effects of heating on tumor hemodynamics, and support our initial choice of 42" C for tumor-localized hyperthermia.
Our results suggest that tumor-localized hyperthermia may be able to augment the therapeutic efficacy of MAbs and fiagments labeled With shortlived nuclides such as At-2 1 1. Certain aspects of this work can be pursued in athymic mouse models. However, baseline and post heating studies using PET in a larger animal will be critical for optimizing this approach. One reason is the effect of hyperthermia on apparent tumor size. For example, in the experiment illustrated in Figure 11 , there were no significant differences in initial tumor size among the groups (200 f 58 111111' to 2 17 f 89 mm'). However, the average weight at dissection for tumors heated at or above 42" C was significantly higher than those at lower temperatures (0.21 f 0.09g versus 0.12 f 0.07g; _P = 0.002).
A subsequent experiment was performed to address this issue directly. At 37" C, 4 hr heating did not change tumor volume (initial, 304 ?C 75 mm' ; 4 hr, 316 mm' ) while at 42" C, a twofold increase in volume occurred (initial, 298 f 70 mm'; 4 hr, 660 f 176 mm'). This increase in tumor size and weight, presumably due to increased blood or edema, complicates the comparison of MAb uptake in different groups of mice on a %ID/g basis. This is the type of problem that could be circumvented by using PET to determine the tumor uptake of MAb in the same animal before and after hyperthermia.
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